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Abstract 
Stability of Perforated Cold-Formed Steel Beam-Columns  
Trevor Oketch Rabare 
Advisor: Yared Shifferaw, Ph.D. 
 
 
 
The objective of this research is to examine the stability of perforated cold-formed 
steel members subjected to combined axial and bending loads. Preliminary design 
formulations of the Direct Strength Method in non-perforated cold-formed steel beam-
column indicated that under combined actions, linear interaction assumption for predicting 
strength of cold-formed steel is conservative in comparison with direct-analysis prediction 
that considers stability and yielding of cold-formed steel beam-columns under the 
appropriate stress combinations. Perforated cold-formed steel members subjected to 
combined loading are commonly used in cold-formed steel framing industry and it is 
important to extend the beam-column stability examination to perforated members as well. 
Complete yielding and stability solutions under direct combined actions for perforated 
sections are established. These elastic buckling envelopes form the basis for formulating a 
preliminary Direct Strength Method and together with collapse analysis provide valuable 
analytical background in future experimental testing of perforated cold-formed steel beam-
columns. 
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Chapter 1: Introduction 
 
Cold-formed steel materials are made by rolling thin gauges of sheet steel into a 
desired shape. Cold-formed steel beams (CFS) and columns with perforations are 
commonly used in construction industry for example in residential construction and also 
low rise buildings. Perforations are made on the steel members to allow connections and 
utility cable to pass through. Figure 1.1 shows perforated CFS beam, column and strong 
tie connectors commonly used in the industry.  
a)  b)  
Figure 1.1: Cold-formed steel in industry a) cold-form steel framing b) strong tie connector and column[1] 
 
There are two main cold-formed steel (CFS) design methods, the Effective Width 
method and Direct Strength Method. The effective width method reduces each plate in the 
cross section to an effective width where the material is effective in carrying load, (Yu [2] 
for further discussion on effective width method). Direct Strength Method considers 
stability of the full cross section by determining different buckling modes: local, 
distortional and global. Once the cross section buckling loads have been determined and 
the yield load is known, the member strength capacity can be predicted. 
 2 
The Direct Strength Method (DSM) design for cold-formed steel extensively 
include design formulations for pure compression and bending loads for non-perforated 
sections [3], [4]. General design formulations for perforated sections with pure axial and 
bending loads are also provided. Current design specifications have assumed a linear 
interaction in the space between pure axial load and pure bending load. However, 
researchers have shown that strength predictions are beyond the linear assumption and vary 
non-linearly due to combined loading [5]. Figure 1.2 shows the definition of the P-M space: 
(major axis bending is considered hence the resulting stresses lie on the first quadrant.) A 
generalized coordinate system is obtained by normalizing the axial and bending loads with 
axial and bending yield loads, Py and My respectively. Points in the normalized P-M space 
(Figure 1.2) are defined by angle θ and resultant diagonal length β. 
𝜃 = 𝑡𝑎𝑛−1 (
𝑀
𝑀𝑦⁄
𝑃
𝑃𝑦⁄
)             (1.1) 
 𝛽 = √[
𝑃
𝑃𝑦
]
2
+ [
𝑀
𝑀𝑦
]
2
                   (1.2) 
For combined loading, β represents the resultant of the individual axial and bending loads 
applied.  
The North American Specification of the American Iron and Steel Institute [4] in 
the past stated that, in determining the nominal strength for perforated sections, either axial 
or flexural, the same design formulations as non-perforated sections be used. This 
overlooked certain behavior observed in some sections where the failure occurs primarily 
at the hole resulting in a drastic loss in capacity. Thus the same non-perforation design 
factors could not be applied in the design for sections with holes. This is particularly 
important for combined loading design formulations since it is observed that the strength 
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is not linear as assumed as shown in Figure 1.2. Research is ongoing for design methods 
for combined loading interactions for non-perforated sections [6]. Most cross sections used 
in the industry are perforated and can be subjected to pure axial, bending or a combination 
of both loads. 
In chapter 2 and 3, the three elastic buckling modes (local, distortional and global) 
will be studied separately for typical sections with different parameters in order to examine 
the overall behavior for combined loading of perforated sections. Finite element analysis 
will be used in the stability study. The modeling assumptions are validated by performing 
a benchmark study for selected sections with experimental studies done on cold-formed 
members loaded in pure axial compression and bending by other researchers [7, 8]. 
In chapter 4, collapse analysis parametric studies on cross sections will be utilized 
to determine non-linear strength capacities in the P-M space beyond the existing linear 
assumption. Design formulations that capture both bending and axial behavior for 
combined loading should therefore be adopted. The goal of this research is to look at elastic 
behavior in the P-M space defined in Figure 1.2, to make it possible to come up with design 
formulations based on the location in the P-M space. For example, for the different 
behaviors observed in the P-M space, the design formulations will be able to specify the 
angle limits where certain formulations apply. Note that this research only considers major 
axis bending. 
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            Figure 1.2: Resultant diagonal length, β and azimuth angle θ in the normalized P-M space 
 
The purpose of this research is to examine the elastic buckling behavior of perforated CFS 
members subjected to combined loading. This is then combined with further research work 
in collapse analysis to ultimately come up with strength prediction and develop DSM 
formulations for CFS beam-columns. 
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Chapter 2: Elastic Buckling Computational Modeling  
The computational modeling tools used in this research include CUFSM and 
ABAQUS. ABAQUS is a commercial software for finite element modelling (FEM). 
CUFSM uses finite strip method (FSM) which discretizes a cross section into longitudinal 
strips (Figure 2.1). FSM is basically a simplified finite element method which discretizes 
into strips longitudinally as opposed to FEM which discretizes into finite elements. 
Transversely, the displacement shape functions follow classic beam finite element while 
trigonometric shape functions are used longitudinally [9]. 
 
Figure 2.1: Discretization difference between a) FEM and b) FSM [9] 
 CUFSM contains constrained finite strip method tool which separates the local, 
distortional, global and other interactions enabling the user to view the modes individually. 
This is useful for analysis of non-perforated sections since in some cases, using ABAQUS, 
it is difficult to determine the individual modes, and the researcher has to be very careful 
and patient in selecting the buckling modes. This is also because of the presence of 
interaction between modes which makes it difficult to isolate individual modes. CUFSM 
was used as a reference tool to make sure that non-perforated results from ABAQUS were 
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accurate. This research follows some ABAQUS modelling protocols suggested by Moen 
[8]. This chapter looks at the modelling accuracy for elastic buckling analysis. 
2.1 Convergence study 
 
Three thin shell element types are considered: S4, S4R and S9R5. S4 and S4R are 
four node shell elements with linear shape functions while S9R5 is a nine node shell 
element with a quadratic shape function. Researchers prefer to use S9R5 because of its 
quadratic shape function and because of its better analytic abilities in ABAQUS [9].  
The shell elements will be compared by varying the aspect ratio to determine which one 
converges better. 
2.1.1 Shell element type convergence study 
 
A Steel Stud Manufacturers Association (SSMA) section 362S162-33 with length 
of 48” is selected for convergence study. The naming system for 362S162-33 is as follows: 
362 represents web depth   x 1/100 inches (0.3625”), S stands for section type (stud or joist 
section=S, Track section=T, U=channel sections, F=Furring channel sections), 162 
represents flange width x 1/100 inches (1.625”) and 33 represents the material thickness x 
1/1000 inches  (0.0346”) [1].  
The section is loaded for θ=45° which is a result of an equal combination of 1 kip 
axial and 1 kip-in bending loads. The model is discretized by varying the aspect ratio and 
determining the buckling coefficients. Transversely the web is discretized into 4 elements 
(h=0.90625), while longitudinally the number of elements is varied. Table 2.1 shows L and 
h values. Elastic modulus and Poisson ratio are set to 29500 ksi and 0.3 respectively.  
Boundary conditions are pinned at the ends and longitudinal pinned at mid-section 
to prevent warping. The boundary conditions selected are similar to experimental study by 
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Moen [8] because the finite element modelling will be benchmarked with the experimental 
results of [8]. Boundary conditions have a big impact on computational and experimental 
results. It is important to note that it is very difficult to portray similar boundary conditions 
between laboratory testing and finite element modelling.  
Table 2.1: Element dimensions, L and h for a 3.625" web depth, 48" long and 0.0346” thick plate 
# of elements 
longitudinally 24 30 48 52 60 64 72 
L (in) 2 1.6 1 0.9231 0.8 0.75 0.667 
h (in) 0.90 0.90 0.90 0.90 0.90 0.90 0.90 
 
 
Figure 2.2: Sensitivity of ABAQUS shell elements by varying aspect ratio 
 
 Figure 2.2 shows the comparison of S4, S4R and S9R5 shell elements. From Figure 
2.2 we can see that S9R5 element does not diverge far from the converged eigen value of 
3.4. This is because of its quadratic shape function, which enables it to capture a more 
accurate displacement within one element. The S4 and S4R need a lot more smaller aspect 
ratio in order to capture a similar behavior that S9R5 is able to capture with a manageable 
aspect ratio. This comes in handy particularly when analyzing long sections since running 
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the model would be time consuming because of a large number of elements. This finding 
is in line with that of other researchers who have suggested computational modelling guides 
on cold-form steel where S9R5 is strongly suggested [9]. 
2.2 Summary of modeling 
 
 It was shown by Moen’s work [8], that at least 2 elements should be used in 
modelling the rounded corners with aspect ratio of less than or equal to 16:1. The models 
in this research use four S9R5 elements at the corners as shown in Figure 2.3. 
 
Figure 2.3: Elements used in modelling of rounded corners 
a)      b)  
Figure 2.4: Meshing around hole a) slotted hole b) circular hole [8] 
 
Holes are modelled by a custom matlab code which meshes elements around hole 
for more accuracy.  
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Figure 2.4 shows the hole generation using custom matlab code developed by Moen 
[8] which discretizes the geometry around hole by adding S9R5 elements. As noted before, 
the boundary conditions in this research is set to simply supported, pinned-pinned with 
warping restrained in mid-sections. In ABAQUS, the model is restrained in mid-section to 
prevent warping thereby eradicating errors due to instability. Another reason for mid-
section warping fixed is to match the boundary conditions set in experimental studies by 
Moen[8]. The experimental results from that study will be benchmarked with finite element 
computational results.   
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Chapter 3: Elastic Stability of Perforated Cold-Formed Steel Beam-Columns 
 
This chapter will examine the elastic behavior of typical SSMA sections in the P-
M strength space defined in Figure 1.2. The elastic buckling modes will be studied 
separately i.e. local, distortional and global mode; since each has its own characteristic 
behavior in the P-M space.  
Finite element eigen buckling analysis is performed using ABAQUS. Studies done 
by Moen and Schafer have suggested guidelines for modeling CFS in ABAQUS [8]. The 
nine node quadratic shell element (S9R5) is used. Boundary conditions are set as warping 
fixed at the longitudinal midline and cross section is restrained from changing shape at 
both ends. Shape corners are also included with a radius of 0.1” and an aspect ratio of less 
than 16:1. A well refined mesh is used such that the aspect ratio in the web and flange is 
less than or equal to 2:1. 
 In order to determine specific P-M space locations (the non-linear interaction 
space), the resultant stress was varied by applying different combinations of axial and 
bending loads. The respective θ, which is the angle defining the β (resultant of applied axial 
and moment loads) location, is determined using its respective axial P and moment M 
components. Table 3.1 shows the applied load combinations and the respective angle 
location in the P-M space. 
Table 3.1: Applied axial P and moment M loads and the corresponding angle location in the P-M space 
 
P (Kip) 1 1 1 1 1 0.8 0.5 0.2 0 
M (kip-in) 0 0.2 0.5 0.8 1 1 1 1 1 
Angle θ 0° 11.31° 26.57° 38.66° 
 
45° 51.34° 63.43° 
 
78.69° 
 
90° 
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Figure 3.1 and 3.2 show the stress distribution corresponding to the respective angle 
location in the P-M space at the cross section end. Note that the critical loads are broken 
down into their P and M components in order to be plotted in the P-M space. To determine 
the axial and moment load components of the resultant critical load β, the applied axial (P) 
and moment (M) loads are multiplied by the eigen value determined from FE buckling 
analysis respectively.  
 
Figure 3.1: Stress distribution varied to determine angle location, constant P load and varying M load a) θ=0° b) 
θ=11.31° c) θ=26.57° d) θ=38.66° e) θ=45° 
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Figure 3.2: Stress distribution resulting from constant M load and varying P load a) θ=51.34° b) θ=63.43° c) θ=78.69° 
d) θ=90° 
 
3.1 Local buckling 
 
ABAQUS is used for finite element buckling analysis. The modelling summary 
stated in chapter 2 are followed. ABAQUS Lanczos eigensolver is used where iterations 
are made in steps and eigenvectors are computed in these steps. Lanczos allows the user to 
specify higher modes which are carried out in several runs giving a better approximation 
of the desired eigenvectors [10]. 
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3.1.1 Local plate buckling  
 
 
There are two different types of plates: stiffened plate and unstiffened plate. 
Stiffened plate is a simply supported plate restrained on all edges used to model the web. 
Unstiffened plate is simply supported on three edges and free to move on the fourth edge 
which is parallel to direction of applied stress. Figure 3.3 shows the stiffened plate 
boundary conditions used in ABAQUS. 
 
3.1.1.1 Stiffened plate 
 
 The stiffened plate used in this section is selected to match an SSMA section with 
web depth of 4 inches, thickness of 0.0346 inches and length 48 inches. The load is applied 
at the ends and varied as shown in Table 3.1 using axial and major axis bending loads. A 
slotted hole with length of 4 inches and diameter 1.5 inches is located at the center of the 
plate. 
 
 
Figure 3.3: Stiffened plate boundary conditions 
  
Edges restrained in y 
direction 
Longitudinal midline restrained 
in x direction 
Ends restrained 
in y and z  
y 
z 
x 
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The plate behavior in the P-M space is observed by looking at the first local 
buckling mode at each angle θ location in the P-M space. It is observed that the plate begins 
to buckle at the hole location for all locations in the P-M space. Introduction of slotted hole 
in the plate initiates buckling at that location. When there is bending load, there is 
unsymmetrical buckling at the hole resulting in a distortional-like deflection at the hole. At 
θ=0° (pure compression) the deflection at the hole (Figure3.4 a) is in line with local half 
wavelength compared to its natural half wavelength without holes (Figure 3.5). 
 
      
     
Figure 3.4: First plate buckling modes shape and applied load distribution a) pure bending, θ= 90° 
 b) combined loading, θ=45° c) pure axial, θ=0° 
  
  
 15 
 
Figure 3.5: Local buckling half wavelength for a non-perforated section at θ=0° (pure axial load, uniform 
compression) 
 
Figure 3.6 represents the results of the P-M space plot comparing perforated and non-
perforated section critical buckling loads due to combined loading (β) values. There is 
significant loss in critical buckling load when buckling is initiated at hole. This is 
represented in Figure 3.6 as angle θ approaches 90° (pure bending). 
 
 
Figure 3.6: P-M space strength comparison between holes and no holes for a stiffened plate 
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A summary of the results obtained from this study is provided in Table 3.2. In Table 
3.2, it is observed that there is a significant loss in plate strength capacity as the angle θ 
approaches 90° (pure bending). This can be explained by the extreme unsymmetrical 
deformation, first mode buckling at the hole when bending action is introduced. The plate 
begins to buckle at the strip above hole which is under compression.  
Table 3.2: β critical values and ratio 
Angle θ 
(degrees) 
βcr-holes βcr-no-holes βcr-holes/βcr-no-holes 
90 2.27 4.45 0.21 
78.69 1.63 3.07 0.31 
63.43 1.24 2.06 0.46 
51.34 1.08 1.63 0.66 
45 1.03 1.48 0.69 
38.66 0.99 1.36 0.72 
26.57 0.95 1.21 0.78 
11.31 0.95 1.12 0.85 
0 0.96 1.10 0.87 
  
3.1.1.2 Effect of varying hole location on stiffened plate buckling 
 
Another study is done to determine if longitudinal hole location affects the behavior 
of deformation at hole i.e. symmetric or unsymmetrical behavior. The stiffened plate 
section in Figure 3.3 is used here and the hole location is varied by placing it a distance of 
L/8, L/4, L/3 and L/2 from support. The purpose of this section is to see if hole location 
has an effect on the buckling behavior at the hole i.e. unsymmetrical and symmetrical 
buckling at hole. Buckling results at θ= 0° (pure axial), θ=45° (combined loading) and 
θ=90° (pure bending) are provided in Figure 3.7-3.9.Buckling of the hole observed in 
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Figure 3.7 occurs at the natural half wavelength of the plate. This was also similar for 
central hole as shown in Figure 3.4. As the hole location is varied, the buckled shape at 
hole is similar. The stress at the cross section is equal longitudinally due to equilibrium; 
therefore, as the hole is varied longitudinally, the cross section is under similar stress 
distribution. 
   
a)  
b)  
c)  
Figure 3.7: L/8 hole location with P-M space location at a) θ=0° (pure axial) b) θ=45° (combined loading)  
c) θ=90° (pure bending) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 18 
 
 
a)  
b)  
c)  
Figure 3.8: L/4 hole location with P-M space location at a) θ=0° (pure axial) b) θ=45° (combined loading) 
 c) θ=90° (pure bending) 
a)  
b)  
c)  
 
Figure 3.9: L/3 hole location with P-M space locations at a) θ=0° (pure axial) 
 b) θ=45° (combined loading) c) θ=90° (pure bending) 
 
A closer look at buckling around hole is provided in Figure 3.10 showing the 
difference between buckling of hole at 45° (combined loading) and 90° (pure major axis 
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bending). The upper lip of the hole begins to buckle (unsymmetrically); then as angle θ 
approaches 0° both the lips buckle and it becomes symmetrical buckling at the hole (Figure 
3.9 a). The asymmetrical buckling at the hole corresponds to the loss in capacity compared 
to non-perforated section (Figure 3.6). This buckling behavior might also lead to 
distortional behavior if there was a flange attached to the plate.  
a)   b)  
Figure 3.10: Comparing buckling at hole at a) θ=45° (combined loading) b) θ=90° (pure bending) 
  
Figure 3.10 b shows that, for pure bending, only unstiffened strip A (Figure 3.11) 
is under compression and therefore most deflection is observed at the top unstiffened strip. 
As the stress is varied, the net cross section area of the plate under compression increases 
resulting in buckling of both the top and bottom strips. For instance at θ=45°, there is 
increased compression towards the bottom strip, hence there is some deformation at 
unstiffened strip B (Figure 3.10 a). As angle θ approaches 0º, where the whole cross section 
is under compression, both the top and bottom unstiffened strip are deflected. At θ=0° (pure 
axial), the deformation on the top and bottom strip is equal since it is a uniform 
compression force causing the deformation (Figure 3.8 a).   
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Figure 3.11: Unstiffened strips adjacent to hole 
 
There was no significant effect of varying hole location on the plate buckling 
behavior at the hole. This is because longitudinally, the cross section is under the same 
stress distribution due to equilibrium. For instance, at pure axial loading (uniform 
compression) with hole location L/2 or L/4, the cross section still faces uniform 
compression which causes the symmetrical buckling of unstiffened strips A and B. As the 
hole location was varied along the length, for the selected P-M space location, the plate 
buckling at the hole was similar. The results are provided in Table 3.3. 
 
Table 3.3: Critical buckling loads for the hole location variation 
Location Location distance (inches) 
from support 
Critical buckling load 
θ=0° θ=45° θ=90° 
L/8 6 0.963 0.729 2.274 
L/4 12 0.963 0.730 2.281 
L/3 16 0.963 0.731 2.287 
L/2 24 0.964 0.729 2.272 
 
 
Unstiffened strip A 
h 
hA 
hB 
Unstiffened strip B 
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3.1.1.3 Stiffened plate design prediction 
 
 Design prediction expressions have been developed and are used in the AISI guide 
for pure compression and bending cases, [4, 11]. Combined loading design prediction of 
the latter have seen little attention, more attention being provided for a combined loading 
of bending and shear [12]. Critical buckling stress for plates without holes can be 
determined by: 
𝑓𝑐𝑟 = 𝑘
𝜋2𝐸
12(1−𝜐2)
(
𝑡
ℎ
)2                                                                                                            (3.1) 
where 
 fcr = critical buckling stress without holes 
 fcrh = critical buckling stress with holes 
 k = plate buckling coefficient 
Where k is taken to be 4 for long rectangular plates (L/h>4), [4]. Research by Pekoz [13] 
also provides kc values which are substituted in place of k in equation 3.1. For non-
perforated plates in bending: 
𝑘𝑐 = 4 + 2(1 − 𝜓)
3 + 2(1 − 𝜓)                                                        (3.2) 
Ψ (f1/f2) represents the ratio of stress in tension and compression at the extreme ends. 
As observed in the plate buckling study, buckling can either be governed by fcrh at 
unstiffened plates around hole or by fcr at the full cross section. The minimum fcr governs. 
This is observed in Figure 3.7 as the unsymmetrical buckling of the unstiffened plate 
around hole. This plate behavior study and prediction method will be essential in the design 
strength prediction of channel sections or any other SSMA section. Design expressions for 
stiffened plates under varying stress are determined in the study by Moen [11].  
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Figure 3.12: Stress gradient at hole [8] 
For a hole spacing (S), length of hole and web depth, the equations are as follows: 
 
for  
𝑆
ℎ
> 1.5 𝑎𝑛𝑑 
𝑆
𝐿ℎ𝑜𝑙𝑒
≥ 2 
fcrl = min [fcr,fcrl]                                                                                                     (3.3) 
 
for hA + hhole ≥Y 
fcrh = fcrh, net (1 + ψA)
ℎ𝐴
𝑌
                                                                     (3.4)               
for hA + hhole < Y 
  fcrh = fcrh, net [1 - 
ℎℎ𝑜𝑙𝑒
𝑌
 (2ψA - 
ℎℎ𝑜𝑙𝑒
𝑌
 )]                                           (3.5)   
where       
  ψA = 
𝑌− ℎ𝐴
𝑌
                   (3.6) 
The minimum of the critical buckling stress of the unstiffened strips fcrA and fcrB 
governs. Moen [8] also provides expressions for determining fcr values at the unstiffened 
strip hole locations, strips A and B. The expressions are: 
Considering buckling at unstiffened strip A, only if hA<Y 
𝑓𝑐𝑟𝐴 = 𝑘𝐴
𝜋2𝐸
12(1−𝜐2)
(
𝑡
ℎ𝐴
)2                                                     (3.7) 
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Where kA is expressed as: 
 𝑘𝐴 =
0.578
𝜓+0.34
+
2.70−1.76𝜓𝐴
0.024𝜓𝐴+0.035+(𝐿ℎ𝑜𝑙𝑒
ℎ𝐴
)2
                (3.8) 
For unstiffened strip B, buckling is required only if hA+hhole<Y 
𝑓𝑐𝑟𝐵 = 𝑘𝐵
𝜋2𝐸
12(1−𝜐2)
(
𝑡
ℎ𝐴
)
2
(
𝑌
𝑌−ℎ𝐴−ℎℎ𝑜𝑙𝑒
)                                                     (3.9) 
 
for Lhole/hB>2 
 
kb = 0.340ψB2 + 0.100ψB + 0.573                                (3.10) 
 
for Lhole/hB≥2 
 
kB = 
0.38ψ𝐵
1.8+1.6(
ℎ𝐵
𝐿ℎ𝑜𝑙𝑒
)2+0.49
−0.20𝜓𝐵
0.3+(
ℎ𝐵
𝐿ℎ𝑜𝑙𝑒
)
0.1
+0.14
                                                  (3.11) 
where 
𝜓𝐵 =
ℎ−𝑌
𝑌−ℎ𝐴−ℎℎ𝑜𝑙𝑒
        0≤𝜓𝐵≥10                                                 (3.12) 
The observations made for perforated plates together with the design prediction 
provided by the AISI code and other researchers will be helpful in understanding the 
behavior of full SSMA sections. Design predictions for sections under combined loading 
(stress gradient) will be examined. 
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3.1.1.4 Verification 
 
 A numerical study was done to compare the current AISI formulations and 
the formulations provided by Moen [7] to the FE results. The plate used has a hole located 
midway (hA=hB=1.25”, hole depth hhole=1.5”, hole length Lhole=4” and plate depth h=4” 
(see Figure 3.13). The plate buckling coefficient was calculated from FE and the results 
compared. Table 3.4 shows the results from each of the formulations. 
 It is important to note that AISI and formulations developed by Moen only provide 
cases for determining k for pure compression and pure bending (stress gradient). The 
combination of axial and bending loads can result in behavior not considered in these 
formulations. Both formulations ignore P-M space and give a general formulation based 
on the stress gradient. As observed from Table 3.4 both the formulations under-predict k 
from FE with large errors in some cases.  
 
Table 3.4: Plate buckling coefficient comparison 
 
Papplied (K) Mapplied (k-in) Angle    k FE  k AISI ktheory(Moen[8]) 
0 1 90° 1.4029 0.8084 1.0068 
0.2 1 78.69° 1.2089 0.733 0.9188 
0.5 1 63.43° 1.0948 0.6634 0.835 
0.8 1 51.34° 1.0439 0.6199 0.781 
1 1 45° 1.0082 0.599 0.7545 
1 0.8 38.66° 0.9626 0.5785 0.7282 
1 0.5 26.56° 0.8487 0.5881 1.0068a 
1 0.2 11.31° 0.6899 0.6727 0.8463a 
1 0 0° 0.5456 0.43 0.5077 
a values ignoring neutral axis larger than plate width, corrected values are,  0.6762 and 
          0.5993 respectively. 
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 One of the shortcomings of Moen’s prediction [8] was that in calculating fcrhnet, the 
formulation does not take into consideration sections where tension is at top and bottom 
(neutral axis greater that plate width) or cases where the neutral axis is located in the bottom 
unstiffened strip (Figure 3.13). The stress formulation is generalized for cases where the 
neutral axis lies within the upper plate strip. Combination of axial and bending actions can 
also lead to a stress variation where the stress gradient is positive throughout and neutral 
axis is greater than plate width. There is positive stress at top and bottom as shown in 
Figure 3.13. 
 
 
 
 
 
 
 
Figure 3.13: Calculating fcrh from fcrhnet 
The modified fcrhnet was calculated based on similar triangles principle for 
simplification. The updated equation is therefore: 
𝑓𝑐𝑟ℎ𝑛𝑒𝑡 =
(𝑓𝑐𝑟ℎ+
𝑓𝑐𝑟ℎ(𝑌−ℎ)
𝑌
)ℎ
(ℎ𝐴+
(𝑌−ℎ𝐴)ℎ𝐴
𝑌
)+(
(𝑌−ℎ𝐴−ℎℎ)ℎ𝐵
𝑌
)+(
(𝑌−ℎ)ℎ𝐵
𝑌
)
                 (3.13) 
It was also noted that the equation to determine the fcrhnet for a case where the neutral 
axis is located in the unstiffened strip B was not considered. 
fcrhnet 
fcrhnet(Y-hA)/Y 
fcrhnet(Y-hA-hhole)/Y 
fcrhnet(Y-h)/Y 
Neutral axis  
fcrh(Y-h)/Y 
fcrh 
Y 
h 
hA 
hB 
hhole 
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The stress distribution would be similar to Figure 3.13 except the neutral axis is 
located somewhere in the bottom strip. This stress scenario was also taken into 
consideration and equation 3.14 shows the modification. 
𝑓𝑐𝑟ℎ𝑛𝑒𝑡 =
𝑓𝑐𝑟ℎ𝑌
(ℎ𝐴+
(𝑌−ℎ𝐴)ℎ𝐴
𝑌
+
(𝑌−ℎ𝐴−ℎℎ)ℎ𝐵
𝑌
                                                  (3.14) 
 
Equations 3.13 and 3.14 were useful in formulating prediction equation for 
buckling coefficient because the neutral axis variation due to combinations of axial and 
bending loads is considered. A plot of k values vs. ratio of applied bending (fb) to axial 
stress (fc) was created to observe for convergence, see Figure 3.14. 
 
Figure 3.14: k vs. ratio of bending stress to pure compression stress 
 
A statistical regression study is conducted in order to come up with a formulation for 
determining plate buckling coefficient under combined loading, detailed in Appendix B. 
The formulation will be a modification of Moen’s work on stress gradient [7]. The 
proposed formulation equation 3.15 is provided below: 
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𝑘𝐴 = 1.32 [
0.578
𝜓𝐴+0.34
+
2.70−1.76𝜓𝐴
0.024𝜓𝐴+0.035+(
𝐿ℎ𝑜𝑙𝑒
ℎ𝐴
⁄ )2
]
1.34
                         (3.15) 
Note that the above equation only applies for a case where the unstiffened strip A 
governs in buckling for thin plates. The fcrhnet modifications listed in equations 3.13 and 
3.14 are taken into account in the preliminary modification for sections where neutral axis 
lies beyond the plate length or neutral axis is within the bottom unstiffened strip. To verify 
the equation another study was done on a plate of depth 6” and thickness 0.0451” with 
slotted hole placed in the middle. The results are presented on Table 3.5. Since this is a 
longer and thicker section, the cross section was mostly under compression at top and 
bottom or a portion under tension was in the bottom unstiffened strip. The fcrhnet 
modifications were therefore useful in these cases. Thick and longer sections tend to have 
larger buckling loads and they experience compression at top and bottom or bottom 
unstiffened strip will experience some compression. Figure 3.15 shows plot of the different 
k predictions.  
Table 3.5: Results from 6" depth 0.0451” thickness plate 
Papplied (K) Mapplied (K-in) Angle k FE k AISI ktheory(Moen[8]) 
0 1 90° 2.4188 0.9797 1.6856 
0.2 1 78.69° 1.862 0.8084 1.445 
0.5 1 63.43° 1.5272 0.6881 1.2555 
0.8 1 51.34° 1.314 0.626 1.1474 
1 1 45° 1.2096 0.599 1.0973 
1 0.8 38.66° 1.108 0.5742 1.0495 
1 0.5 26.56° 0.9173 0.5303 0.9597 
1 0.2 11.31° 0.7724 0.4757 0.8364 
1 0 0° 0.7942 0.43 0.5077 
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As observed in Figure 3.15, from the proposed formulation there is reduced error 
compared to AISI-S100 [4] and from the formulation by Moen [8]. Note that this study 
considers thin plates with short widths. 
 
Figure 3.15: Plate buckling coefficient comparison 
The boundary condition for the stiffened plate is simple-simple on the free edges 
(restrained in the y direction) as shown in Figure 3.3. There are limitations on the proposed 
buckling coefficient: i) The plate considered was a thin plate with short web depths (less 
than four), ii) Only pure axial and pure bending for perforated sections exist, therefore 
experimental studies are needed for the P-M space. The finite element prediction is to be 
used as a guidance in further experimental studies, and determine a more conservative 
formulation. 
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3.1.2 Channel cross-section buckling 
 
 This section looks at the behavior of full SSMA sections in the P-M space, 
with which the observations from the preliminary plate buckling analysis will be compared. 
Table 3.6 gives summary of the SSMA sections studied. Eigen buckling analysis is done 
using ABAQUS, the elastic buckling computational modelling assumptions listed in 
chapter two are followed. Figure 3.16 shows the boundary conditions used on the SSMA 
sections. The loads are applied at the ends to simulate the locations in the P-M space as 
shown in Figures 3.1 and 3.2. The sections have slotted hole of dimensions 4” width and 
1.5” diameter. 
 
 
Figure 3.16: C section boundary conditions 
Parameters were selected to be varied in order to determine the effects and behavior 
in the local P-M space. Parameters varied were length, web length (h) and flange width (b). 
Short and thin sections that are predicted to have local failure were used here 
Table 3.6: SSMA cross section specifications 
SSMA section Length (in) Spacing (in) h (in) b (in) t (in) 
250S162-33 24 12 2.5 1.625 0.0346 
362S162-33 48 24 3.625 1.625 0.0346 
362S137-33 48 24 3.625 1.375 0.0346 
 
Midline restrained in 1 
Ends restrained in 2 
and 3 
1 
2 
3 
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As shown in Figure 3.17, there are two distinct local modal behaviors due to the 
presence of hole that are observed: a symmetric deformation around hole and 
unsymmetrical deformation around the hole introducing distortional deformation at the 
hole. This behavior was also observed in the plate buckling study. This was also noted in 
studies by Moen and Schafer [8]. There are two local buckling modes observed around the 
hole in the P-M space. From θ=90° to θ=45°, the buckling around the hole is 
unsymmetrical, the section around hole buckles in different directions. From θ=45° to θ=0° 
the plate has local buckling mode similar to section without hole, see Figure 3.17.   
a)  
 
 
b)  
 
 
c)  
Figure 3.17: 250S16233 hole buckling modes a) θ=90° front and back view b) θ=45° front and back view c) θ=0° front 
and back view 
 From Figure 3.17 a and b, the unsymmetrical buckling at hole creates distortional-
like deformation at the unstiffened strips around hole. As the angle approaches pure axial, 
the introduction of holes does not introduce new buckling modes at the hole; the section 
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has buckled half wavelength similar to section without hole (Figure 3.18 shows no hole 
section compared to Figure 3.17 c). 
  
Figure 3.18: Non-perforated 250S162-33 at θ=0° (pure axial loading) 
 
 
 
 
 362S137-33 SSMA section with two holes longitudinally was also studied to 
compare the results with single-centered hole. This is done to examine the effects of 
varying hole location and number of holes. The buckling results are presented in Figure 
3.19. As observed previously, even with two slotted holes, the section buckles at hole with 
similar characteristics observed from θ=0° to θ=45° and θ=45° to θ=90°. The non-
symmetrical buckling at hole occurs at every local half wavelength at the web and the 
unstiffened strip at hole buckles in the direction of the half-wavelength. The behavior of 
the three sections in the P-M space is shown in Figure 3.20. 
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Figure 3.19: 362S137-33 with two slotted holes a) θ=90° front and back view b) θ=45° front and back view c) θ=0° 
front and back view 
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a)  
b)   
c)  
 Figure 3.20: P-M strength space plots for a) 250S162-33 b) 362S162-33  
c) 362S137-33 with two slotted holes 
 
  
 
(k-in) 
(k
) 
(k-in) 
(k
) 
(k-in) 
(k
) 
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From θ=90° to θ=45° where the local buckling at hole is unsymmetrical, the P-M 
space plot shows this region to be less than buckling strength without holes. From θ=45° 
to θ=0°, where there was normal local buckling deformation, the different sections show 
that the perforated buckling strength is close to or goes beyond non-perforated strength, 
see Tables 3.7, 3.8 and 3.9. Longer and thinner sections show more loss in critical 
buckling strength compared to no holes (see Appendix A for comprehensive buckled 
shapes in the P-M space). 
Table 3.7: 250S162-33 P-M space results 
            √(βy/βcrl)      
λno hole λhole βyield Angle ° β crl hole βcrl no hole βhole/βnohole  
1.0933 1.1156 14.22 90 11.43 11.90 0.960 
1.0957 1.1302 12.20 78.69 9.55 10.16 0.939 
1.1098 1.1472 10.81 63.43 8.21 8.77 0.935 
1.1417 1.1602 10.38 51.34 7.71 7.96 0.968 
1.1688 1.1676 10.35 45 7.59 7.57 1.002 
1.2035 1.2010 10.45 38.66 7.24 7.21 1.004 
1.2856 1.2825 11.02 26.56 6.70 6.67 1.004 
1.4224 1.4188 12.69 11.31 6.30 6.27 1.005 
1.5615 1.5575 15.09 0 6.22 6.18 1.005 
 
 
Table 3.8: 362S162-33 P-M space results 
√(βy/βcrl)      
λno hole λhole βyield Angle  ° β crl hole βcrl no hole βhole/βnohole 
1.1126 1.2348 22.04 90 14.45 17.80 0.811 
1.2280 1.3903 17.92 78.69 9.27 11.88 0.780 
1.4451 1.5310 15.07 63.43 6.43 7.21 0.891 
1.5968 1.6167 14.01 51.34 5.35 5.49 0.975 
1.6696 1.6691 13.73 45 4.93 4.92 1.001 
1.7395 1.7390 13.64 38.66 4.51 4.51 1.001 
1.8707 1.8700 13.93 26.56 3.98 3.98 1.001 
2.0461 2.0457 15.30 11.31 3.65 3.65 1.001 
2.2005 2.1997 17.37 0 3.58 3.58 1.001 
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Table 3.9:362S137-33 P-M space results 
√(βy/βcrl)      
λno hole λhole βyield Angle  ° βcrl hole βcrl nohole βhole/βnohole 
1.0227 1.2052 20.09 90 13.83 19.21 0.720 
1.1907 1.3743 16.45 78.69 8.71 11.60 0.750 
1.4197 1.5200 13.91 63.43 6.02 6.90 0.872 
1.5742 1.6073 12.97 51.34 5.02 5.23 0.959 
1.6479 1.6491 12.75 45 4.68 4.69 0.998 
1.7189 1.6908 12.68 38.66 4.43 4.29 1.033 
1.8521 1.8208 12.99 26.56 3.92 3.78 1.034 
2.0313 1.9960 14.34 11.31 3.60 3.47 1.035 
2.1891 2.1510 16.35 0 3.53 3.41 1.035 
 
3.2 Distortional buckling 
 
Five SSMA sections are studied for distortional buckling and the results are 
compared to sections without holes. The parameters varied are flange width, thickness and 
web height. Similar modelling steps followed in the previous section are used here. The 
boundary condition is shown in Figure 3.16. Table 3.10 gives the SSMA section summary 
studied in this section. The sections are loaded by varying the stress to obtain the different 
θ angles for location in the P-M space, (Figures 3.1 and 3.2). 
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Table 3.10: SSMA sections studied for distortional buckling 
SSMA section Length (in) Spacing (in) h (in) b (in) t (in) 
400S162-68 54 24 4 1.625 0.0713 
250S137-54 32 18 2.5 1.375 0.0566 
250S162-33 24 12 2.5 1.625 0.0346 
362S162-33 48 24 3.625 1.625 0.0346 
362S137-33 48 24 3.625 1.375 0.0346 
 
As shown in Figures 3.21 and 3.22, the presence of holes in the web introduces 
distortional buckling tendency in the flange around the hole. The unstiffened strips around 
the hole buckle first leading the flange to buckle in the same direction because of web-
flange interaction. Figures 3.21 and 3.22 show the distortional buckling modes observed 
for θ=0°, θ=45° and θ=90° (see Appendix A for buckling modes in the other locations). 
 
Figure 3.21: Distortional buckling for 250S162-33 at θ=90° (pure bending) 
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Figure 3.22: 250S162-33 buckling modes at a) θ=45° b) θ=0° 
 Unique distortional buckling modes are identified similar to the case in local 
buckling study. From Figure 3.22 at θ=0° (pure compression loading) the strips around the 
hole do not buckle first. At θ=45° and θ=90° the unstiffened strip around hole buckles 
creating a distortional mode on the flange. The distortional modes observed around the 
hole are categorized as symmetrical where deformation is equal and in the same direction 
and unsymmetrical where deformation is unequal, see Figure 3.23. Studies by Moen is 
ongoing on characterization of these kinds of buckling modes, [8]. 
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a)   b)  
Figure 3.23: a) Symmetric distortional buckling b) Unsymmetrical distortional buckling 
The symmetrical deformation was observed in pure compression loading for most 
of the sections studied. Local-distortional interaction is also observed, Figure 3.22, 
compared to non-perforated section, Figure 3.24. 
 
 
Figure 3.24: Pure distortional deformation for 250S162-33 with no holes 
 39 
 
Local half wavelengths are seen both in the web and flange per every distortional 
half wavelength. The distortional buckling mode for θ=45° location is presented in Figure 
3.25. Thicker sections are observed to have pure distortional deformational in every half 
wavelength while thin sections are observed to have a combination of both local 
deformation in the distortional half wavelength, (Figure 3.22). 
 
Figure 3.25: Distortional buckling mode at θ=45° (combined loading) for sections with two slotted holes a) 
400S162-68 b) 250S137-54 c) 362S137-33 
 
    
 40 
 It was also noted that a decrease in flange length resulted in a decrease in critical 
distortional axial load (Pcrd) in the study for both sections with and without holes. Increasing 
the flange length stiffens the web leading to an increase in Pcrd. Figure 3.26 shows P-M 
space plots comparing holes and no holes results.  
a)  b)  
 
c)     d)  
 
e)   
 
Figure 3.26: Distortional PM space plots a) 250S137-54 b) 400S162-68 c) 250S162-33 d) 362S137-33 e) 362S162-33 
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3.3 Global buckling 
 
Six C sections were selected to evaluate the global behavior in P-M space, (Table 
3.11). The parameters varied include length, thickness, number of holes, web height and 
flange length. Hole spacing was varied according to length; short sections having one 
middle hole while longer sections having two or three holes evenly spaced through the 
length. Section material properties are Elastic modulus of 29500 ksi and Poisson ratio of 
0.3.  
Table 3.11: Global study SSMA section dimensions 
SSMA section Length (in) Spacing (in) h (in) b (in) t (in) 
250S137-54 26 13 2.5 1.375 0.0566 
250S137-33 32 12 2.5 1.375 0.0346 
400S162-68 54 13 4 1.625 0.0713 
250S137-33 60 12 2.5 1.375 0.0346 
600S250-97 92 13 6 2.5 0.1017 
250S137-33 94 13 2.5 1.375 0.0346 
 
 
 
It is observed that for thicker sections there is not much difference between holes 
and no holes in the P-M space. In Figure 3.27 e) the thickness is 0.1017 inches, the section 
shows minimal loss in capacity between holes and no holes. This behavior is due to the 
thickness of the web (small slenderness); larger P and M combinations are needed to 
buckle. Short sections show difference between holes and no holes with the P-M space 
angle θ from about 0º-80º showing steeper curvature.  
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The SSMA sections studied for global buckling did not show buckling at the hole 
because Euler buckling doesn’t involve local geometry. This is because global buckling 
(Euler buckling) considers the global geometry and therefore will capture the global 
behavior. The local and distortional modes are generalized under local behavior, the local 
geometry.  Sections that are exposed to local-global interaction will show local buckling 
behavior in the Euler buckling mode. These sections will be considered in a later chapter. 
Figure 3.27 compares perforated and non-perforated global buckling shapes of the SSMA 
sections. It is observed that the presence of a hole on the cross section does not change the 
buckled mode shape. The cross sections still buckle in the same shape as non-perforated 
section with no effect at hole i.e. there is no buckling around the hole as observed in local 
and distortional. The observed difference is the change in capacity, the perforated sections 
have a drop in critical load compared to non-perforated sections (Figure 3.28). 
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Figure 3.27: Global buckling for perforated and non-perforated sections at θ=45° a) 250S137-54 L26” b) 400S162-68 
L54” c) 600S250-97 L92” 
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a)  b)  
c)  d)  
 
e)  f)  
 
Figure 3.28: Global critical loads showing trends in PM space a) 250S137-54, L26" b) 250S137-54, L32” c) 400S162-
58, L54” d) 250S137-33, L60” e) 600S250-97, L92” f) 250S137-33, L94” 
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3.4 First Yield  
 
 
It is important to understand the yield surface behavior in the P-M space because 
the DSM prediction is a function of fy (λ is a ratio of fcr and fy i.e. √
𝑓𝑦
𝑓𝑐𝑟
⁄  ). The yield 
surface in the P-M space is generated by matlab code. The sections studied in this research 
are symmetric C-sections which result in linear yield surface (Figure 3.29). It is important 
to note that for unsymmetrical sections, the top or bottom might yield first in tension or 
compression. There is also a plastic yield surface beyond the first yield. The plots are 
developed for major axis bending Mx and normalized with Py and My. A yield stress of 
50ksi is used. 
3.4.1 Local critical buckling vs. yield surface 
 
The critical loads are observed to be below the yield surface in all the sections 
shown in Figure 3.29. Note that this does not mean that local buckling controls. On the 
other hand, presence of critical load beyond yield surface does not mean that the section 
does not buckle, in fact it can be as high as 3 times the yield [14]. This will be clear when 
a collapse analysis is done to determine the exact failure. 
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a i) ii)   
       
b i)          ii)  
 
c i)  ii)      
 
Figure 3.29: First yield plots showing normalized (i) and actual yield (ii) for a) 250S162-33 b) 362S162-33 c) 
362S137-33 
 
3.4.2 Distortional critical buckling vs. yield surface 
 
Figure 3.30 shows the critical buckling load and yield surfaces for sections studied 
in the distortional study. It is observed that for thicker sections (Figure 3.30 a and b), the 
critical distortional load goes beyond the yield surface. For 400S162-68 section the critical 
load is in some areas below the yield surface, while another portion is above. The same 
section is plotted with critical global load in the next section. 
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a)  b)  
c) d)  
e)  
Figure 3.30: First yield and distortional critical in the P-M space a) 250S137-54 b) 400S162-68 c) 250S162-33 d) 
362S162-33 e) 362S137-33 
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3.4.3 Global critical buckling vs. yield surface 
 
Figure 3.31 b shows that global critical curve is below the first yield while for the 
same section in distortion (Figure 3.30 b), the distortional critical is beyond the first yield. 
It is also noted in Shifferaw’s work that presence of critical buckling curve outside the first 
yield does not mean that buckling will not occur [14]. Also since the global critical buckling 
load is below the first yield does not mean that it governs. Direct determination of stability 
is therefore important due to the non-linear nature. Figures 3.30 a and 3.31 a show that both 
distortional and global critical buckling are beyond the yield surface. It is therefore not 
simple to determine which mode governs the failure creating the need for a non-linear 
collapse analysis. 
 
a) b)  
Figure 3.31: Global first yield a) 250S137-54 26" length b) 400S162-68 54" length 
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Chapter 4: Collapse Analysis of Perforated Cold-Formed Steel-Beam Columns 
 
 
 FE collapse analysis for sections predicted to fail in local, distortional and global 
was done in ABAQUS. Non-linear collapse modeling results are very sensitive to modeling 
assumptions and therefore a lot of care in accuracy should be taken. The model should be 
made as realistic as possible by considering factors like geometric imperfections and 
residual stresses. The collapse analysis modelling protocol adapted in this research will be 
given in detail in the sections below. A benchmark study is also done by comparing the 
models at existing two anchor points (pure axial load and pure bending load), to an 
experimental study that was done by Moen [8]. 
 
4.1 Geometric imperfections  
 
CFS members often do not have a perfect geometry as modelled in buckling 
analysis. These members usually have dents which vary in magnitude and can adversely 
affect the sensitivity of the section in non-linear analysis. Research work by Schafer and 
Pekoz [15] have provided distribution and magnitude used in modelling geometric 
imperfections by conducting experiments. A convenient way of modelling imperfections 
is by linear superposition of buckling modes from eigen analysis. The magnitudes are 
classified by statistical approach developed by Schafer [7, 15], which categorizes them as 
25%, 50% and 75% probability of exceeding type 1 (local) and type 2 (distortional) 
imperfections. Research work by Zeinoddini and Schafer [16] have conducted experiments 
to provide statistical global imperfection magnitudes. Figure 4.1 shows the magnitude 
definitions for local and distortional imperfections. 
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Figure 4.1: Geometric imperfection a) type 1 b) type 2 [15] 
 
Displacement to thickness ratio (d/t) are provided for the various cumulative 
distribution function (CDF) probabilities. To determine the imperfection magnitude, the 
ratio is multiplied by thickness of the section being analyzed. Table 4.1 [15] gives the CDF 
and d/t values. 
Table 4.1: CDF and imperfection magnitudes [15] 
 
 
 
a) b) 
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 In this research, initial imperfections were created by matlab code which combined 
the lowest local, distortional and global buckling mode shapes from buckling analysis. The 
local and distortional magnitudes were based on 25% and 75% CDF (Table 4.2); 
Table 4.2: Geometric imperfections used 
 Local Distortional Global 
For 25% CDF    0.14t       0.64t L/2000 
For 75% CDF   0.66t       1.55t L/1000 
    
Global imperfection magnitudes assumptions are based on hot rolled column out-
of-straightness [7]. For sections predicted to fail globally, three eigenmode shapes 
corresponding to local, distortional and global were selected (lowest eigenmode shape). 
Short and stocky sections in distortional, global imperfections can be ignored for L<24” 
[7]. 
4.2 Residual stress 
 
Cold-formed steel members are created by cold rolling thin metal plates into CFS 
shapes. The process usually generates residual stresses and plastic strains which in-turn 
affect the ultimate strength of the member. Modelling residual stresses can be time-
consuming as it requires at least thirty one integration points. Moen and Igusa [11] have 
provided methods of prediction of residual stresses and plastic strains. In this research, 
residual stresses will be ignored due to isotropic hardening step initiated in Abaqus since 
it has minimal effect on load-displacement curves. 
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4.3 Yield criteria 
 
Von Mises yield criteria with isotropic hardening was used. Plasticity was initiated 
at 0.2% yield offset because Abaqus under predicts column stiffness and ultimate strength 
when plasticity is initiated at proportional limit, [7]. The yield stress used is fy= 58.595ksi, 
E=29500ksi and Poisson ratio of 0.3. 
4.4 Solution type 
 
Riks method is used in non-linear and unstable collapse studies. The loads and 
displacements are solved simultaneously and uses arc length to measure in each step of the 
load progression. Other methods like Newton-Raphon Method are poor in collapse analysis 
(particularly at limit points, slope is zero, which leads to instability) and therefore cannot 
not predict complete load-displacement response. In this research, the Riks analysis solver 
is used with initial arc length of 0.25 and maximum step size of 0.75 and maximum solution 
increment of 300. The sections are assumed to be elastic-perfectly plastic, with material 
yield and plasticity initiated in ABAQUS. 
  
4.5 Benchmark study 
 
 The purpose of this study is to validate model assumptions used in this research. 
The models are compared to similar models from research done by Moen [7]. Note that 
only the existing experimental results (pure axial and pure bending) are benchmarked. 
Once the FE models are validated, the modelling assumptions will be used in modelling 
cross sections under combined loading. Six sections that are predicted to fail in global and 
distortional are selected and the results are compared. 
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  The cross-sections to be studied in global include: 400S162-68 (54in length), 
600S250-97 (92in length) and 250S137-54 (26in length). Distortional sections include: 
600S250-97 (24in), 600S137-68 (24in) and 800S250-97 (24in).  
 Figure 4.2 shows visual details of the sections. Note that for the distortional sections 
length was constant, 24 inches. Tables 4.3 and 4.4 provide the results obtained from the 
benchmark study. A ratio of test to the benchmark results is determined and the average 
and standard deviation is calculated. In both distortion and global, the ratio Ptest/P shows 
values close to 1 and the standard deviation is roughly less than 7% deviation from the 
mean. The test model can therefore be accepted since the error is within an acceptable 
range. 
  
                                        i                                                                                 i 
  
                                        ii                                                                                ii 
  
                                         iii                                                                              iii 
a)                                                                      b) 
 
Figure 4.2: a) Global study sections i) 250S137-54 ii) 400S162-68 iii) 600S250-97 b) distortional study sections i) 
600S250-97 ii) 600S137-68 iii) 800S250-97 
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Table 4.3: Distortional benchmark results 
Section Py (k) Pcrd (k) P125%cdf(k) P225%cdf(k) Ptest/P P175%cdf(k) P275%cdf(k) Ptest/P 
600S250-97 64.54 51.24 41.9 43.83 .9559 36.2 41.36 .8752 
600S137-68 37.22 14.84 18.87 18.09 1.043 17.49 16.38 1.067 
800S250-97 74.71 34.15 41.4 46.0 .9 38.1 39.5 .9645 
1test model 2benchmark model               Avg=.96                          Avg=.96  
                              Std. dev=.072                                   Std. dev=.096 
 
 
Table 4.4: Global benchmark results 
Section L(in)   P1cre(k)   P2cre(k) P125%cdf(k) P225%cdf(k) Ptest/P P175%cdf(k) P275%cdf(k) Ptest/P 
400S162-68 54 16.3 15.78 13.66 13.19 1.035 12.36 12.004 1.029 
600S250-97 92 25.4 25.60 23.8 23.15 1.028 22.7 20.5 1.107 
250S137-54 26 20.8 17.8 9.24 10.21 .9049 8.84 8.65 1.021 
1test model 2benchmark model                                                                      Avg=.99                                Avg=1.05   
                                                                                                                  Std. dev=.07                                     Std. dev=.04 
                 
 
 
4.6 Collapse analysis example 
 
400S162-68 of length 54 inches with two slotted holes is selected. A collapse 
analysis study is done for each load combination in the P-M space. The modeling protocols 
are followed as mentioned in sections 4.1-4.4. The load displacement plot and section 
collapse figures are shown in Figure 4.3 and 4.4. The peak loads are determined by 
multiplying the load proportionality factor by the applied load. Load proportionality factor 
(LPF) is determined from the incremental load step analysis using riks solver. Collapse 
behavior is studied for each models in P-M space. 
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a) b)  
Figure 4.3: Pure axial loading a) Load-displacement b) failure with 75% CDF imperfection 
 
 
a) b)  
Figure 4.4: a) Collapse at pure bending b) Collapse at θ=45° 
 56 
At pure bending, distortional global interaction is initiated once the peak load is 
reached and section fails globally (Figure 4.4). Distortional-global interaction is ignored in 
DSM formulations provided by AISI-S100-12 and in the preliminary DSM equations 
provided in chapter 5.Collapse analysis is also done on a 250S162-33 C-section of length 
15 inches with a single centered hole. Figure 4.5 shows results at θ=0°, θ=45° and θ=90°. 
a)  
b)  
c)  
Figure 4.5: Collapse mechanism with displacement contours a) θ=0° b) θ=45° c) θ=90° 
For sections with low distortional slenderness, collapse is initiated at the unstiffened strip 
and the net yield strength at the hole cross section governs. Transitional limits are used to 
determine whether distortional slenderness lies on the net yield capacity region or the 
region controlled by elastic buckling. These limits will be defined in the next chapter.  
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Chapter 5: Preliminary Direct Strength Method 
 
5.1 Global preliminary DSM for perforated CFS beam-columns 
 
The proposed DSM formulation in Torobian’s work for non-perforated beam 
columns, [6] is modified to consider the influence of holes (with resultant critical buckling 
load for perforated cross-section). The DSM prediction will be examined by comparing to 
FE collapse analysis results. SSMA section 400S162-68 of length 54 inches and two slotted 
holes equally spaced is studied. Note that this research only considers major axis bending, 
therefore only the first quadrant (0 ≤ θ ≤ π/2) is considered.     
The nominal capacity due to combined load as provided by Torobian [6] is therefore 
a function of axial and flexural capacities and is defined as follows: 
𝛽𝑛𝐺 = 𝛽𝑛𝐺𝑃 + (𝛽𝑛𝐺𝑀 − 𝛽𝑛𝐺𝑃)𝑠𝑖𝑛𝜃                                               (5.1) 
Compression; 0 ≤ θ < π/2 
𝛽𝑛𝐺𝑃 = 0.658
𝜆𝐺
2
𝛽𝑦                                for λG ≤ 1.5                    (5.2) 
𝛽𝑛𝐺𝑃 = 0.877𝛽𝑐𝑟𝐺                                  for λG  ≥ 1.5                      (5.3) 
Bending; 0 ≤ θ < π/2 
 𝛽𝑛𝐺𝑀 = 𝛽𝑦   (no inelastic reserve)        for λG ≤ 0.60                 (5.4) 
 𝛽𝑛𝐺𝑀 =
10
9
𝛽𝑦 (1 −
10𝛽𝑦
36𝛽𝑐𝑟𝐺
)                    for 0.6< λG ≤ 1.34        (5.5) 
 𝛽𝑛𝐺𝑀 = 𝛽𝑐𝑟𝐺           for λG > 1.34                  (5.6) 
Where 𝛽𝑛𝐺𝑃 = nominal capacity in axial compression 
 λG=Global slenderness 
λG=√
𝛽𝑦
𝛽𝑐𝑟𝐺
⁄                                                                    (5.7) 
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𝛽𝑛𝐺𝑀 = nominal flexural or nominal torsional-flexural capacity 
 𝛽𝑛𝐺 = nominal global capacity 
 𝛽𝑐𝑟𝐺 = critical elastic global beam-column load for perforated cross section 
The results from DSM prediction are compared to FE results and are provided in 
Figure 5.1. The global buckling elastic study from chapter 3 showed that there was a slight 
effect on behavior in the P-M space due the introduction of holes. The sections studied 
were selected to have slenderness outside the limit of inelastic reserve (inelastic reserve 
ignored). There was observed slight drop in the overall capacity in comparison between 
holes and no holes therefore the formulation by Torobian [6] is modified by using βcr global 
buckling load for perforated cross-sections. Figure 5.1 shows the nominal global capacity 
with influence of holes βn is observed to be close to FE results.  
 
 
Figure 5.1: Global preliminary DSM formulation βn compared to βFE 
5.2 Local preliminary DSM for perforated CFS beam-columns 
 
The DSM method in AISI-S100 2012 has similar equations for beams and columns. 
Hence the proposed formulations will have consistent equations for beam-columns. When 
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critical load βcr is low relative to yield βy, elastic buckling controls the column behavior 
and the slenderness is high. When slenderness is low inelastic buckling is initiated at the 
unstiffened strips (defined in chapter 3). The capacity goes to inelastic reserve or first yield 
if inelastic reserve is ignored. 
The local slenderness (𝜆𝐿) is defined as: 
𝜆𝐿 = √
𝛽𝑛𝐺
𝛽𝑐𝑟𝐿
  for 𝛽𝑛𝐺 ≤ 𝛽𝑦               (5.8) 
𝜆𝐿 = √
𝛽𝑦
𝛽𝑐𝑟𝐿
  for 𝛽𝑛𝐺 > 𝛽𝑦                       (5.9) 
for 𝜆𝐿 ≤ 0.776 
 Ignoring inelastic reserve capacity: 
 𝛽𝑛𝐿 = 𝛽𝑦 , 𝛽𝑛𝐺 > 𝛽𝑦         (5.10) 
 𝛽𝑛𝐿 = 𝛽𝑛𝐺 , 𝛽𝑛𝐺 ≤ 𝛽𝑦                                                             (5.11) 
𝛽𝑛𝐿 determined should be less than 𝛽𝑦𝑛𝑒𝑡, the yield at the net cross section area around 
holes. 
𝑃𝑦𝑛𝑒𝑡 = 𝐴𝑛𝑒𝑡 (
𝑃𝑦
𝐴𝑔
)   (net yield at hole due to axial load)   (5.12) 
𝑀𝑦𝑛𝑒𝑡 = 𝑆𝑓𝑛𝑒𝑡 (
𝑀𝑦𝑐
𝐼𝑥𝑥
)  (net yield at hole due to bending load)         (5.13) 
𝛽𝑦𝑛𝑒𝑡 = √(
𝑃𝑦𝑛𝑒𝑡
𝑃𝑦
)
2
+ (
𝑀𝑦𝑛𝑒𝑡
𝑀𝑦
)
2
    (normalized net yield at hole due to combined 
loading)           (5.14) 
𝑆𝑓𝑛𝑒𝑡= net section modulus referenced to the extreme fiber in first yield 
Anet = net cross section area at hole 
Ag = gross cross section area 
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c = distance from extreme fiber to center of gravity 
Ixx = moment of inertia 
for 𝜆𝐿 > 0.776 
𝛽𝑛𝐿 = ⌈1 − 0.15 (
𝛽𝑐𝑟𝐿
𝛽𝑛𝐺
)
0.4
⌉ (
𝛽𝑐𝑟𝐿
𝛽𝑛𝐺
)0.4𝛽𝑛𝐺      for 𝛽𝑛𝐺 ≤ 𝛽𝑦   (5.15) 
𝛽𝑛𝐿 = ⌈1 − 0.15 (
𝛽𝑐𝑟𝐿
𝛽𝑦
)
0.4
⌉ (
𝛽𝑐𝑟𝐿
𝛽𝑦
)0.4𝛽𝑦                 for 𝛽𝑛𝐺 ≥ 𝛽𝑦      (5.16) 
𝛽𝑛𝐿 ≤ 𝛽𝑦𝑛𝑒𝑡 
where  
𝛽𝑛𝐿 = nominal local capacity 
 𝛽𝑐𝑟𝐿 = critical elastic local buckling load 
𝛽𝑛𝐺 = is determined in section 5.1  
The above DSM formulation is checked by comparing FE results and the predicted values. 
The results are presented in Figure 5.2. Section 350S162-54 of length 24 inches which has 
local-global interaction is adopted. The section is observed to have inelastic reserve 
capacity since the nominal global capacity is greater than the yield capacity. The increased 
capacity can be seen in the Figure 5.2 as the load approaches pure bending. Since local-
global interaction is adopted, the nominal global capacity used in the local capacity 
calculations is determined as per section 5.1. 
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Figure 5.2: Local preliminary DSM formulation βn compared to βFE 
5.3 Distortional preliminary DSM for perforated CFS beam-columns 
 
It is observed from distortional elastic stability study that when slenderness is 
increasing in the P-M space failure is controlled by critical distortional buckling load. For 
low slenderness failure is initiated by yielding at hole. When failure is initiated at the hole, 
the net area Anet and net section modulus Sfnet at hole are used in determining the net axial 
and bending loads respectively. The transitional limits are provided for pure bending and 
axial loads [4]. Transitional limits that cover the change from failure at the hole to 
distortional failure are modified to account for location in the P-M space.  
DSM preliminary formulations provided below are a modification of non-
perforated study by Torobian [6] and the AISI-S100-12 [4]. Distortional-global interaction 
is ignored similar to DSM in AISI-S100-12 and the nominal capacity is a function of 
distortional slenderness as follows: 
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for λd ≤ λd1 
βnd = βynet             (5.17) 
for λd1 < λd  ≤ λd2   
 𝛽𝑛𝑑 = β𝑦𝑛𝑒𝑡 − [[
𝛽𝑦𝑛𝑒𝑡−𝛽𝑑2
λ𝑑2−λ𝑑1
] 〈λ𝑑 − λ𝑑1𝑠𝑖𝑛𝜃〉]     (5.18) 
for λd > λd2 
 𝛽𝑛𝑑 = [1 − 〈0.25 − 0.03𝑠𝑖𝑛𝜃〉 [
𝛽𝑐𝑟𝑑
𝛽𝑦
]
〈0.6−0.1𝑠𝑖𝑛𝜃〉
] [
𝛽𝑐𝑟𝑑
𝛽𝑦
]
〈0.6−0.1𝑠𝑖𝑛𝜃〉
𝛽𝑦  (5.19) 
Where 
𝜆𝑑 = √
𝛽𝑦
𝛽𝑐𝑟𝑑
             (5.20) 
 𝜆𝑑1 = 〈0.561 + 0.112𝑠𝑖𝑛𝜃〉 [
𝛽𝑦𝑛𝑒𝑡
𝛽𝑦
]
〈1+2𝑠𝑖𝑛𝜃〉
     (5.21) 
 𝜆𝑑2 = 〈0.561 + 0.112𝑠𝑖𝑛𝜃〉 [〈14 − 12.3𝑠𝑖𝑛𝜃〉 [
𝛽𝑦𝑛𝑒𝑡
𝛽𝑦
]
〈−0.4+3.1𝑠𝑖𝑛𝜃〉
− 〈13 − 12.3𝑠𝑖𝑛𝜃〉]  
(5.22) 
   
 𝛽𝑑2 = √𝑃𝑑2
2 + 𝑀𝑑2
2         (5.23) 
 𝑃𝑑2 = (1 − (1 − 0.5𝜆𝑑2
−1.2)
2
)𝑃𝑦      (5.24) 
 𝑀𝑑2 = (1 − 0.22 (
1
𝜆𝑑2
))(
1
𝜆𝑑2
)𝑀𝑦      (5.25) 
𝜆𝑑1 = the limit beyond which capacity is given by the net yield strength 
𝜆𝑑2 = transitional limit of distortional slenderness  
𝛽𝑦𝑛𝑒𝑡= defined in the  section 5.2 
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The given distortional preliminary DSM formulations are examined by comparing 
the predicted nominal capacity to the collapse analysis results in Figure 5.3. It is shown 
that there is increased capacity beyond the existing linear assumption. 
 
 
Figure 5.3: Distortional preliminary DSM formulation βn compared to βFE 
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Chapter 6: Conclusions, Limitations and Future Work  
6.1 Conclusions 
Elastic buckling analysis has shown that the location in the PM space results in 
different stress distributions which can result in various buckling behavior at the hole. For 
example, for local elastic buckling at θ=0°, the stress distribution is uniform and therefore 
uniform deformation is observed at the hole. For θ=45° and θ=90°, only the unstiffened 
strip A is under compression and therefore deformation is on that strip. Buckling of 
unstiffened strips does not always control, and some sections showed buckling away from 
hole (e.g. at pure axial, 362S137-33 with two slotted holes) had buckled half wavelengths 
away from holes and non in-between. Local plate stability results demonstrated that 
varying the hole location longitudinally did not have significant effect on the plate critical 
buckling load due to uniform stress distribution longitudinally. 
Examining the elastic buckling behavior together with yield surface study, 
preliminary DSM formulations are provided. The DSM formulations take into account the 
location in the P-M space. The preliminary DSM formulations are able to show that there 
is increased capacity beyond the existing linear assumption. Plate buckling coefficient 
formulations are also proposed. Note that these are preliminary and need to be validated 
by experimental results. 
The elastic buckling study done in this research has paved the way for future 
experimental testing of perforated cold-formed steel beam-columns. The ABAQUS FE 
modelling results can be used as guidance in experimental collapse studies: for instance, in 
determining the preferred location to place strain gauges or other displacement sensors.  
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6.2 Limitations 
 
As noted herein, this research looks at the stability of perforated cold-formed steel 
members under combined loading. However the existing anchor points used in validation 
of FE analysis are experimental results on pure bending and pure axial loads [7, 8]. Pure 
axial and pure bending FE model results were compared to experimental results. Once the 
modelling assumptions were validated, these were used to model cross sections in the P-M 
space. Since experimental studies on combined loading of perforated sections are yet to be 
established, modelling assumptions used in the anchor points have been used to model 
cross sections in the P-M space.  It is therefore important to note that the DSM formulations 
proposed herein are preliminary and need to be validated with experimental data for 
combined loading. 
6.3 Future Work 
Experimental studies of perforated cross sections under combined loading will 
provide a more realistic knowledge of the behavior of sections under combined loading 
rather than relying on FE modelling based on two anchor points (pure axial and pure 
bending experimental results). The FEM studies provided in this research will be used as 
guidance in experiments, for example, in identifying sensor locations. 
Additional work on understanding the elastic stability of unsymmetrical sections 
under combined loading has been planned. Future work on inelastic reserve is also planned 
to be added to the preliminary DSM formulations. Further research on understanding the 
P-M space behavior by including minor axis bending will establish the full three 
dimensional strength envelope in the P-M1-M2 (Axial-Major and Minor axis bending) 
space. 
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Appendix A 
A.1 Local elastic buckling mode in the P-M space 
a)      
b)  
c)   
d)  
e)  
 
Figure A.1: Local buckling modes for 250S162-33 L24" a) θ=90° b) θ=78.69° c) θ=63.43° d) θ=51.34° e) θ=45° 
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a)  
b)  
c)  
 
d)  
 
Figure A.2: Local Buckling modes for 250S162-33 L24" at a) θ=38.66° b) θ=26.57° c) θ=11.31° d) θ=0° 
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A.2 Distortional elastic buckling mode in the P-M space 
a)  
b)  
 
c)  
d)  
e)  
Figure A.3: Distortional buckling modes for 400S162-68 L54" at a) θ=90° b) θ=78.69° c) θ=63.43° d) θ=51.34° e) 
θ=45° 
  
 
 71 
 
a)  
 
b)  
c)  
d)  
 
Figure A.4: Distortional buckling modes for 400S162-68 L54” at a) θ=38.66° b) θ=26.57° c) θ=11.31° d) θ=0° 
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A.3 Global elastic buckling P-M space results 
Table A.1: Global elastic buckling results for 250S137-54 L26” 
slenderness βyield  Angle ° βcr-hole βcr-no-hole βcr-hole/βcr-no-hole 
0.761 21.017 90 36.27 41.38 0.877 
0.775 18.125 78.69 30.18 33.55 0.900 
0.799 16.135 63.43 25.26 27.53 0.917 
0.822 15.556 51.34 23.01 24.78 0.928 
0.836 15.539 45 22.23 23.80 0.934 
0.852 15.715 38.66 21.66 23.06 0.939 
0.889 16.633 26.56 21.05 22.15 0.950 
0.961 19.262 11.31 20.86 21.67 0.963 
1.050 23.027 0 20.86 21.59 0.967 
 
 
 
 
Table A.2: Global elastic buckling results for 250S137-54 L32" 
slenderness βyield  Angle ° βcr-hole βcr-no-hole βcr-hole/βcr-no--hole 
0.855 21.017 90 28.73 30.70 0.936 
0.895 18.125 78.69 22.63 24.22 0.934 
0.946 16.135 63.43 18.02 19.40 0.929 
0.988 15.556 51.34 15.94 17.26 0.924 
1.011 15.539 45 15.19 16.50 0.921 
1.037 15.715 38.66 14.62 15.93 0.918 
1.093 16.633 26.56 13.91 15.24 0.913 
1.194 19.262 11.31 13.50 14.89 0.906 
1.309 23.027 0 13.43 14.84 0.905 
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Table A.3: Global elastic buckling results for 400S162-68 L54" 
slenderness βyield  Angle ° βcr-hole βcr-no-hole βcr-hole/βcr-no-hole 
1.179 51.198 90 36.857 38.010 0.970 
1.239 40.981 78.69 26.675 27.533 0.969 
1.296 33.968 63.43 20.233 20.895 0.968 
1.331 31.278 51.34 17.666 18.244 0.968 
1.347 30.547 45 16.828 17.375 0.969 
1.364 30.211 38.66 16.245 16.770 0.969 
1.395 30.606 26.56 15.718 16.207 0.970 
1.443 33.250 11.31 15.966 16.387 0.974 
1.509 37.363 0 16.398 16.709 0.981 
 
 
 
Table A.4: Global elastic buckling results for 250S137-33 L60" 
slenderness βyield  Angle ° βcr-hole βcr-no-hole βcr-hole/βcr-no-hole 
1.501 12.848 90 5.70 6.19 0.920 
1.594 11.080 78.69 4.36 4.73 0.922 
1.697 9.863 63.43 3.42 3.72 0.926 
1.772 9.510 51.34 3.02 3.25 0.930 
1.813 9.499 45 2.89 3.10 0.932 
1.855 9.607 38.66 2.79 2.98 0.935 
1.948 10.168 26.56 2.67 2.84 0.942 
2.113 11.775 11.31 2.63 2.77 0.951 
2.311 14.076 0 2.63 2.76 0.954 
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Table A.5: Global elastic buckling results for 600250-97 L92” 
slenderness βyield  Angle ° βcr-hole βcr-no-hole βcr-hole/βcr-no-hole 
1.343 154.212 90 85.45 86.67 0.986 
1.428 111.714 78.69 54.76 54.95 0.997 
1.508 85.380 63.43 37.55 38.15 0.984 
1.547 75.062 51.34 31.37 31.87 0.984 
1.564 71.769 45 29.32 29.78 0.984 
1.581 69.568 38.66 27.82 28.25 0.985 
1.613 67.913 26.56 26.09 26.48 0.985 
1.662 70.247 11.31 25.42 25.75 0.987 
1.724 75.640 0 25.43 25.73 0.988 
 
 
 
 
Table A.6: Global elastic buckling results for 250S137-33 L94" 
slenderness βyield  Angle ° βcr-hole βcr-no-hole βcr-hole/βcr-no-hole 
2.206 12.848 90 2.641 2.787 0.948 
2.351 11.080 78.69 2.004 2.115 0.948 
2.506 9.863 63.43 1.570 1.655 0.949 
2.615 9.510 51.34 1.390 1.462 0.951 
2.672 9.499 45 1.330 1.396 0.953 
2.731 9.607 38.66 1.288 1.349 0.955 
2.857 10.168 26.56 1.246 1.298 0.959 
3.079 11.775 11.31 1.242 1.284 0.968 
3.358 14.076 0 1.248 1.285 0.971 
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Appendix B 
 Regression study results 
 
Figure B.1 and B.2 show regression plot used in determining relationship between kFE 
and the existing k (plate buckling coefficient). The proposed plate buckling coefficient 
modification was based on this study and is provided in chapter 3.1.1.4. The proposed k 
equation is compared to kFE in Figure B.3. 
 
 
Figure B.1: 4” width and .0346” thickness plate relation to kFE 
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Figure B.2: 6” depth and .0451” thickness plate plate relation to kFE  
 
 
 
Figure B.3: Proposed k compared to kFE to determine confidence in the equation 
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